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LIST OF SYMBOLS 
A Ar . 2 ea, 1n. 
a Shaft inner radius, in. (If hollow.) 
B Bridging length, in. 
b Hub inside radius, in. (Nominal) 
c Hub outer radius, in. (Nominal) 
Cfh Influence coefficient matrix for hub. 
Cfs Influence.coefficient matrix for shaft. 
D Hub inside diameter, in. (For contact surfaces.) 
d Shaft outside diameter, in. 
DB Hub inside diameter at relieved surfaces, in. 
E Young's Modulus, psi 
F Axial press force, lb. (Actual) 
f Friction force, lb 
f1,1 influence coefficient, in./lb. 
FLame Axial press force, lb. (Using Lame interface pressure.) 
H Hub length, including contact area and bridge length 
h Subscript, referring to hub. 
1 Total diametral interference, in. 
K Wall ratio, dimensionless 
L Length of contact area, in. 
N Normal force, lb 
P Nodal contact force vector, lb. (Also refers to the contact force vector.) 
p0 Interface pressure, psi (Determined by Lame formula.) 
r Subscript, referring to radial direction. 
Ri radius vector element i 
s Subscript, referring to shaft. 
T Taper, in./ft 
T Lame Torsional holding ability, in.-lb. (Using Lame interface pressure.) 
Tq Torsional holding ability, in.-lb. 
Vil 
x axial position along shaft, in. 
a Taper angle, radians (Centerline to taper surface) 
/J,. Draw-up or hub advance on tapered fit, in. 
o Interference rate, in.fin. ( diametral or radial) 
o51 Radial deflection of shaft or hub node due to contact force, in. 
OT Total radial interference, in 
ET Total normal strain in tangential direction. (Equals o.) 
0 Subscript referring to tangential direction. 
cr Normal stress, psi 
µ Friction coefficient 
v Poisson's ratio 
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ABSTRACT 
Machinery shafts and components often use interference fits for assembly. Designers use 
straight and tapered fits. Coupling hubs are a good example. This thesis shows derivations 
relating press fit force, interference, length, taper, and friction. For simple fits, the Lame 
thick-walled cylinder solution is valid. Interrupted fits complicate the problem. This paper 
presents finite element methods, coupled with two-body contact analysis, that solve it. 
Finally, generalized charts show relationships between hub length, fit separation distance, 
press fit force and torsional holding ability. Experiments generally agreed with these 
results. 
CHAPTER 1 INTRODUCTION AND LITERATURE SEARCH 
Interference fits are very common in machinery applications, particularly for 
coupling hub fits. Straight and tapered fits are used. Interference exists if the hub inside 
diameter is smaller than the shaft outside diameter, before assembly. This causes an 
interface pressure. This provides a frictional force sufficient to transmit torque. Indeed, 
many modem coupling hubs are designed without keyways, relying completely on friction 
to transmit torque. 
For uninterrupted fits, interference fit theory is well-established [l]. An 
uninterrupted fit has contact between shaft and hub over the entire hub length. The Lame 
thick-walled cylinder stress formulas are adapted to find interface pressure. Once this is 
determined, the Lame equations enable us to calculate torsional capability and press fit 
force if a coefficient of friction is known. Existing theory covers straight and tapered fits. 
These relations are useful in design and maintenance work. Unless a fit has 
adequate interference, fretting may occur. Fretting is wear due to slight relative 
movement. Maintenance engineers need to know interference required for the application 
and the press fit forces needed for mounting, if pressing is used. Thermal expansion is 
often used to mount hubs instead of pressing them on. If a tapered fit is used, then 
interference is obtained by hub advance. Obviously, proper advance must be known. 
Mechanics measure hub advance during assembly. 
Sometimes, designers use an interrupted fit. An interrupted fit has a relieved area 
that separates contact areas. One reason is to reduce engagement length, while 
maintaining overall hub length to meet design requirements. The interface pressure 
calculated by Lame equations is no longer valid in this case. Actual interface pressure is 
higher. Area of contact is reduced, while the "bridged" length contributes to overall hub 
stiffness, so that the net radial forces are nearly the same. The result is that the average 
contact pressure is higher. The interface pressure profile rises sharply at the edges. The 
interrupted fit problem is finding the interface pressure profile, press fit force, and 
torsional holding ability. 
Solution of the interrupted fit problem is possible using finite element analysis, 
applying contact analysis. Two-dimensional axisymmetric analysis is suitable because it 
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provides a solution with many fewer elements than a three-dimensional model. 
Quadrilateral iso-parametric elements are preferred because they are more accurate than 
triangular elements. 
The influence coefficient method is a way of solving the contact problem. 
There are two models, one for the shaft and one for the hub. Mesh contact nodes are 
congruent. Forces at the contact nodes must be equal and opposite, and contact node 
displacement must satisfy specified interference. In the influence coefficient method, 
successive unit load application determines displacements, on shaft and hub. This 
information forms the influence coefficient matrix. The influence coefficient is used to 
find the contact force vector. The contact force vector is the solution. Using this vector, 
average pressure, press fit force, and torsional holding ability are calculated. This thesis 
presents the influence coefficient method for cylindrical interference fit problems. To 
validate the model, actual hub and shaft models were made; and press fit forces measured. 
The influ~nce coefficient method provides a means of solving the contact problem 
with available linear elastic FEA software. More sophisticated software, capable of 
solving the contact problem, was not available to the author. 
Once the i;nodel was validated, variations in hub wall ratio, bridging length, taper, 
interference, and mechanical properties were studied using dimensional similitude. The 
purpose is to develop generalized charts for hub-shaft configurations for use in the design 
process. 
Literature Search Description 
Many references for regular interference fits, without interruption may be found. 
These are in machine design textbooks and in literature pertaining to machinery couplings. 
However, a search for information on interrupted fits yielded nothing. The following areas 
were carefully searched: ISU library, Internet searches, professional consultants, NERAC, 
and by telephone to coupling experts. 
ISU Library Search: The keywords used were couplings, interference fits, 
machine design, a,nd interrupted fits. None of these searches yielded any technical papers 
relating to interrupted fits. 
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Internet Searches- The same keyword searches failed to find anything on this 
topic. NERAC is a professional literature search company with access to the Internet, 
university databases, and databases of periodicals as well as standards organizations. They 
are located in Tolland, Connecticut. Their keyword searches revealed no information on 
interrupted fits. 
Coupling Experts: Heinz Bloch is a machinery engineer with extensive experience 
in petrochemical plant machinery and authored several books including "Practical 
Machinery Management for Process Plants" Vols. 1-4. He had no information on the topic 
and expressed interest in this idea for a thesis. 
Michael Calistrat is a mechanical engineer with many years experience with 
Koppers Inc, a coupling manufacturer. He authored "Flexible Couplings," which was used 
· as a reference for this work. He had never seen any analytical work on calculating 
_interrupted fits. He also expressed interest. 
Methods and Software 
ALGOR version 3.14, Linear Stress Analysis, was used in this work for finite 
element calculations. Without ready access to two-body contact analysis software, a 
method of influence coefficients was developed to solve the contact problem. This 
involved solution of simultaneous equations. MATLAB was the software used to write the 
programs to do the matrix solution. MATLAB is capable of solving 128 equations by LU 
factorization. The largest matrix solved in this research was 41. Appendix D has the 
program code listing for the influence coefficient algorithm. 
A Compaq Presario 1231 laptop computer, 32K RAM, 2 GB hard drive processed 
all of the calculations. 
Occasionally, MathCad, version 8.0, software provided a convenient means for 
evaluating analytical Lame equations and press fit force and torsional holding ability 
calculations. 
Microsoft Excel, version 97 SR-2 was used to store results and make graphs. 
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Interference Basics 
Machine assemblies with interference fits must receive special attention. 
Looseness causes fretting, and poor alignment causes excessive vibration. Good contact 
between hub and shaft is necessary, particularly for tapered bores, to prevent fretting. 
To assure proper taper fit, mechanics measure contact by bluing the mating pieces. 
Usually, 85% area contact is sufficient. Actual taper should be compared to standard by 
master ring and plug gages. Taper is diameter change, in inches, per foot of length. 
Typical tapers are½ in./ft.; ¾ in./ft; 1 in./ft; and so on. Major and minor diameters and 
ring gage length must be specified to properly fit the taper. During assembly of taper fit 
parts, mechanics measure draw-up, or axial advance, to assure proper interference. 
To make an interference fit assembly total interference or interference rate and 
average diameters must be known. Interference refers to the difference in diameter 
between the ID of an outer ring (hub), and the OD of the shaft. For tapered fits, draw-up 
determines interference. Interference rate refers to amount of interference per inch of 
shaft diameter. 
Expressed mathematically: 
Interference: 
Interference rate: 
i = d - D expressed in units of in. (straight bores) 
i = Li(T/12) expressed in units of in. (tapered bores) 
o = i/d Expressed in units of in.fin. 
(For tapered bores, use average of major and minor diameters for "d".) 
Where: 
D Inside diameter of the outer ring, (hub,) of the assembly, in. 
d Outside diameter of the inner ring (shaft,) of the assembly, in. 
T Taper, change in diameter, in./ft, (T = 12tan(2a)) 
a Taper angle, radians 
Li Draw-up or advance, in. 
Figure 1 illustrates these parameters. 
(1) 
(2) 
(3) 
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Hub 
r Shaft 
ff' 
d (shaft) 
H 
D(hub) 
Initial Hub position 
Hub position after advance 
Figure 1 Hub and Shaft Assembly 
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Interface Pressure 
When a hub is mounted on a shaft with interference, there is an interface pressure 
between them. A formula for interface pressure was derived from Lame thick-walled 
cylinder analysis, and is given in Appendix A. The equation [2] is: 
Po= [(c2 +b 2 J_l +(b2 +a 2 J_l +~-~] 
c2 - b 2 E b 2 - a 2 E E E h s h s 
(4) 
Where: 
Po Interface pressure, psi 
8 Interference rate, in.fin. (Usually diametral) 
a Shaft inner radius, in. 
b Shaft outside radius and hub inner radius, (nominal), in. 
c Hub outer radius, in. 
E Young's Modulus, psi 
u Poisson's Ratio 
s Subscript, referring to shaft 
h Subscript, referring to hub 
This relationship satisfies the theory of elasticity, and is perfectly valid for 
infinitely long cylinders. However, we use it for relatively short hubs because it gives 
good results. Except at the ends, the interface pressure, by this formula, is accurate. 
Several relationships are evident. Interface pressure is proportional to interference 
rate, 8, and Young's Modulus, E. It increases with wall ratio, c/b, by a quadratic 
relationship, approaching a limiting value. 
Generally, other factors govern hub and shaft dimensions. In addition, designers 
have little control over Young's modulus or Poisson's ratio. Therefore, the best way to 
affect interface pressure is by interference rate, 8. Interface pressure provides the normal 
force for frictional forces resisting torsion. 
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Press Force and Torque Capability 
With sufficient force, a hub is pressed onto a shaft, despite interference. Press 
force must overcome frictional resistance between hub and shaft. For tapered fits, 
interference increases with hub advance, and angular components of force are added. If 
the pressure is variable, then press force is the sum of all the differential areas multiplied 
by pressures and.friction coefficient. The general formula for press force is given here. 
Appendix B shows the derivation. 
Where: 
F 
D 
Po 
a 
µ 
L 
F = JrcD(x)po(x) cos(a)µ+sin(a) dx 
cos(a) 
0 
Press force, lb. 
Diameter of fit (function of position, x.), in. 
Interface pressure (function of position, x.), in. 
Angle between centerline and tapered surface, radians 
Friction coefficient 
(5) 
Similarly, a press fit resists torsional slip due to frictional resistance. Interface pressure, 
diameter, and coefficient of friction are key parameters. The general formula for torsional 
holding ability is given here. Appendix C provides a derivation. 
L 2 
T = f Po (x)rcD(x) µ dx 
q 2cos(a) 
0 
(6) 
Where: 
Tq Torque that interference fit is capable ofresisting, in.-lb 
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CHAPTER 2 INFLUENCE COEFFICIENT METHOD 
For uninterrupted fits, we can determine press force and torsional holding ability 
by equations 1-6. However, for interrupted fits (Figure 1,) the relationship between 
geometry and interface pressure is more complex. The relieved area, referred to as the 
"bridge" portion, does not contact the shaft, but still offers stiffness. In general, interface 
pressure is higher for an interrupted fit. This is because the hub retains relatively high 
radial stiffness, but the contact area is less. Thus, interface pressure is higher. 
To determine the interface pressure profile by the finite element method, the two-
body contact problem must be solved. The influence coefficient method is one way to 
accomplish this. The basic method is as follows. FEA models of hub and shaft are created 
separately. The hub and shaft contact nodes are congruent. Unit loads are successively 
placed at contact nodes and deflections found. Coefficient matrices are developed for hub 
and shaft. Once this is complete, the nodal contact forces are solved. Node contact forces 
must be the equal but opposite for each hub and shaft contact node, and the net deflection 
must equal a given interference. The mathematical explanation follows. 
General Method 
Unit loads are applied at one node of an FEA model. The deflections at all other 
nodes are determined by FEA. These become a row in the influence coefficient matrix. 
Unit loads are then applied at all other nodes on both shaft and hub, using FEA to model 
deflections. 
This forms two influence coefficient matrices. These are symmetrical matrices and 
this property is assured by the Reciprocal Theorem of the Theory of Elasticity [3]. The 
total interference is the same at all points. The shaft coefficient matrix is given by: 
f11 f1,2 fl,3 fl,4 fl,5 
f21 f2 2 f2 3 f2 4 f2 5 
cfs = f31 f3 2 f3 3 f3 4 f3,5 (7) 
f41 f4 2 f4 3 f4 4 f4,5 
f5,1 f5,2 f . 5,3 f5,4 f5,5 
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Deflections of shaft due to pressure forces from the hub are: 
<\1 fl I fl,2 f]3 fl,4 f]5 pl 
<\2 f2,1 f2 2 f2 3 f2,4 f2,5 P2 
Os3 = f3,I f3,2 f3 3 f3,4 f3,5 P3 (8) 
0s4 f4,l f4,2 f4,3 f4,4 f4,5 P4 
0s5 f5,l f5,2 f5,3 f5,4 f5 5 Ps 
Combined deflections, for the shaft, and the hub are: 
Ohl 0s1 
Oh2 0s2 
Oh3 - 0s3 = CfuP-Cfsp = OT (9) 
Oh4 0s4 
Oh5 0s5 
The total influence-coefficient matrix is the difference of Cfh and Cfs- OT is the interference 
vector and represents the total radial interference along the fit. The force vector, P, may be 
found by the following relationship: 
p = (10) 
Once the vector of contact forces is found, a numerical integration determines the press 
force and torsional holding ability. 
The contact forces may be applied to the FEA models to obtain internal stresses in 
the hub and shaft, if desired. This step also serves as a check. Radial deflections of any 
pair of hub and shaft contact nodes should add to a value equal to the given interference. 
Figure 2 diagrams the influence coefficient method. 
Geometrv 
FEA 
Analysis 
Unit load 
Application 
Matrices 
Given 
Calculated 
Interference 
Vector 
Compare Calculated 
vs.Given 
Interference Vectors 
END 
Contact Node 
Deflection 
Summation 
Output: 
Deflections 
Stresses 
Contact pressures 
FEA Analysis 
Contact Force Vector 
Application 
Vector 
Influence Coefficient 
Method Analysis 
Figure 2 Flow Diagram of the Influen~e Coefficient Method 
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Validity of Influence Coefficient Method 
Two methods demonstrate validity of the influence coefficient method (ICM) for 
solving the cylindrical interference contact problem. 
A method must satisfy three requirements to be useful in solving mechanics problems. 
(1) Conform to applicable Newtonian physics laws. Newton's 3rd law applies in 
the case of contact problems: "Forces of action and reaction between 
interacting bodies are equal in magnitude and opposite in direction and are 
collinear". 
(2) If the physical system is linear, the method must also be linear. In this case, a 
finite element model represents the physical system. If the FEA model is 
linear, then the influence coefficient method must likewise be. 
(3) The method must be geometrically compatible. For contact nodes, total 
deflection (separation) calculated by FEA must equal that assumed by the 
method. 
Tests 
The first test uses the influence coefficient matrix of the hub to determine 
deflections for contact node loads other than unit loads. The deflection vector is 
determined by multiplying the influence coefficient matrix by the load vector. This is 
compared to the deflections of the FEA model for the same loading. They are compared at 
1 lb, 10 lb and 1000 lb. If the model is linear and the ICM is linear, the deflections will be 
the same in both cases. 
In fact, this was demonstrated. A shaft FEA model, 2.500-in. diameter, and over 
10 in. long, was simulation-fitted to a hub with 10 in. long and relieved 5-in. in the center. 
Nodes were spaced 0.25 in. apart. There were 22 contact nodes. 
A single load, located 0.25-in. from the inside of the hub, was applied. Influence 
coefficient matrix multiplication determined deflections. Changing the load to 10 and 
1000 lb changed deflections proportionally, as expected. Next the loads were applied to 
the FEA model, and deflections determined. The result is in Table 1. 
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Table 1 FEA Model Deflections 
Contact 1 lb Load (Node 10 lb Load (Node 1000 lb load (Node 
Node 216) 216) Y Deflection, 216) 
Y Deflection, in. in. (radial) Y Deflection, in. 
(radial) (radial) 
222 9.5591E-8 9.5591E-7 9.5591E-5 
216 1.1915E-7 1.1915E-6 l.1915E-4 
210 6.1342E-8 6.1342E-7 6.1342E-5 
204 4.2621E-8 4.2621E-7 4.2621E-5 
198 2.6540E-8 2.6540E-7 2.6540E-5 
192 1.5190E-8 1.5190E-7 1.5190E-5 
186 7.3353E-9 7.3353E-8 7.3353E-6 
180 l.8260E-9 l.8260E-8 l.8260E-6 
174 -1.4555E-9 -1.4555E-8 -1.4555E-6 
168 -3.2874E-9 -3.2874E-8 -3.2874E-6 
162 -4.1538E-9 -4.1538E-8 -4.1538E-6 
61 1.5104E-12 l.5104E-11 l.5104E-9 
55 2.6660E-12 2.6660E-11 2.6660E-9 
49 3.2375E-12 3.2375E-11 3.2375E-9 
43 3.1902E-12 3.1902E-ll 3.1902E-9 
37 2.9177E-12 2.9177E-ll 2.9177E-9 
31 2.4464E-12 2.4464E-11 2.4464E-9 
25 1.9566E-12 1.9566E-11 l.9566E-9 
19 1.4467E-12 1.4467E-11 1.4467E-9 
13 0.0000E-12 9.7866E-12 9.7866E-10 
7 0.0000E-12 5.3322E-12 5.3322E-10 
1 0.0000E-12 l.1465E-12 1.1465E-10 
Discussion 
These deflections match exactly those by influence-coefficient matrix 
multiplication. All four decimal places are identical. Only for nodes 13, 7, and 1 did 
variation occur. The 1 lb load yielded zeros to four decimal places times 10-12 for the PEA 
model. In reality, there were non-zero digits in the fifth and following decimal places. 
When a 10-lb load was applied, these showed up in the 10-12 order. Notice for the 1000-lb 
load, the digits are identical. 
This demonstrates linearity of the PEA model. The PEA model responded in exact 
linear fashion. This is due to small deflections compared to hub dimensions. This is 
generally true of interference fits. Usually the total interference rate is.below 0.003-in. 
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interference/in. hub ID. Thus, deflections are 1000 times smaller than the hub dimensions. 
This great difference assures linearity. 
Second Test 
The ICM will ultimately determine the contact forces. This force vector may be 
applied to the actual FEA model of hub and shaft. The sum of the contact node deflections 
should equal the interference used in the force vector calculation. The input interference 
vector was 0.002-in. radial interference. 
This was done on a model having the same configuration, as above, except the 
relieved hub area was 9 in. long. In this test case, there were 10 contact nodes. The force 
vector was applied to the hub and contact node deflections found. Similarly, the force 
vector was applied to the shaft. The negative shaft deflection was subtracted from the 
positive hub deflection to get the net calculated interference. This sum should equal the 
given interference, if the FEA model responds linearly. Table 2 shows these results. Table 
3 is the contact force vector. 
Table 2 Second Linearity Test Results 
HUB SHAFT Total 
Contact Node Y Deflection, Contact Node Y Deflection Calculated 
in. (radial) in. (radial) Interference in. 
(radial) 
210 l.7597E-3 205 -2.4029E-4 2.0000E-03 
204 l.6008E-3 200 -3.9917E-4 2.0000E-03 
198 l.5051E-3 195 -4.9489E-4 2.0000E-03 
192 1.4060E-3 190 -5.9404E-4 2.0000E-03 
186 l.3585E-3 185 -6.4149E-4 2.0000E-03 
25 l.3563E-3 25 -6.4365E-4 2.0000E-03 
19 l.3940E-3 20 -6.0599E-4 2.0000E-03 
13 l.4747E-3 15 -5.2526E-4 2.0000E-03 
7 l.5399E-3 10 -4.6007E-4 2.0000E-03 
1 l.6157E-3 5 -3.8432E-4 2.0000E-03 
Discussion 
The ICM was designed to determine contact forces. A contact force must satisfy 
Newton's 3rd law on both bodies. (Contact forces are equal in magnitude and opposite in 
direction.) The further requirement is total deflection of each contact..,node pair must equal 
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original interference. The results of Table 2 show this. The original interference, used to 
determine the force vector, was 0.002 in. When the force vector, determined by influence 
coefficients method was applied to hub and shaft models, the total deflections matched 
original interference. (Rounded to four decimal places.) 
Thus the influence coefficient method satisfies Newton's third law, is 
geometrically compatible, and is linear in application to finite element models. 
Table 3 Force Vector 
Force, lb 
2291 
4355 
4953 
7051 
9502 
9577 
7187 
5094 
4256 
1611 
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CHAPTER 3 FINITE ELEMENT ANALYSIS 
Generalized Parameters 
The research objective is to determine general relationships between hub and 
shaft geometry, elastic modulus, interference, bridge length, hub length, press force, 
torque, and pressure profile. The list of all variables characterizing this problem includes: 
8 Interference rate, in.fin. 
a Shaft inside radius, in. 
b Shaft outside radius, in. 
c Hub outside radius, in. 
E Young's modulus, psi 
v Poisson's ratio 
p0 Interface pressure, psi 
D Hub inside diameter, in. (For contact surfaces.) 
L Length of contact area, in. 
a Taper angle, radians (Centerline to taper surface) 
F1ame Axial press force from Lame interface pressure, lb 
TLame Torsional holding ability using Lame interface pressure, in.-lb 
F Axial press force, lb 
Tq Torsional holding ability, in.-lb 
H Hub length, in. 
D8 Bridge diameter, in. 
B Bridge length, in. 
Variables 8, a, b, c, E, v, are inputs to calculate Po, the interface pressure. (See 
equation ( 4), Chapter 1.) These are combined with D, L, and a to obtain FLame and T Lame• 
(See equations (5) and (6), Chapter 1.) Further, F and Tq are products of the ICM 
method. (See Chapter 2.) 
Hollow shafts are less common; therefore, the research only analyzed solid shafts. 
This eliminates the variable "a," shaft inside radius. Further, most hubs and shafts are 
made of steel so that Young's Modulus, E, and Poisson's ratio, v, are the same for both. 
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This reduces material properties to two variables instead of four. The quantities FLame and 
T Lame are the values of press force and torsional capability that would be calculated by 
using equations (4), (5), and (6), (Chapter 1,) as though the fit were uninterrupted. The 
length L is the total contact length. For interrupted fits, F Lame and T Lame are not actual 
press forces and torque. These are F and T Q and are what this research hopes to find. 
Additional variables are bridging length, B; hub length, H; and bridge diameter, 
DB. (See Figure 1.) In beginning the dimensional analysis, the first pi term selected was 
axial press force divided by Lame Press force, (FIF1ame-) This is a non-dimensional 
quantity. Secondly, T qi T Lame was selected as the second pi term. 
Dimensional analysis [4] ofremaining variables proceeded as follows: The 
variables E and b were selected as the repeating variables. They contain the quantities 
force and length, basic units characterizing this problem. The variables po, L, v, a, a, and 
o are all contained in the quantity F Lame and T Lame, and were eliminated from further 
consideration. (v, a, and o are already dimensionless and are pi terms by definition.) The 
remaining repeating variables are B, c, DB, and H. Technically; D is eliminated by 
selection ofb as a repeating variable, since D equals 2b. Pi terms are deduced by 
multiplying a repeating variable by the non-repeating variables with unknown exponents, 
m, and n. The exponents m and n are found such that the quantity is dimensionless: 
(11) 
Converting c, E, and b into units: 
· ( lb )m · n Ibo· O m. -=--T m. = m. 
m. 
(12) 
Solving for m and n, we get: 
m=O n=-1 (13) 
Thus, c/b is the pi.term. This method identified the following remaining dimensionless 
groups: 
c/b Bib DBID H/b 
c/b is commonly referred to as wall ratio, K, in thick walled cylinder stress 
analysis. DB/D uses D instead ofb for convenience. 
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The plan was to vary K and Bib, while holding D3/D constant. The parameter H/b 
was varied, holding D3/D constant. The relief depth on hubs is generally small. There is 
no need to machine very deep, as that increases costs and weakens the hub. Therefore 
D3/D should be only slightly greater than 1.0. This research used a value ofD3/D = 1.02, 
throughout. 
The research used three PEA models, axisymmetric, each with a certain wall 
ratio. Each analysis of a model used a different bridging length. Influence coefficient 
method analysis determined F/F1ameand Tq/ TLame• A generalized chart displays these as a 
function ofB/b for constant values ofK and DBID. Research found that values ofF/FLame 
were the same for the three different K values tested. (See Figure 3.) 
Further analysis showed that the hub length-to-diameter ratio, H/b is an 
independent parameter. This would be equivalent to (B+L)/d. Studies were completed to 
find the effect of H/b on the generalized chart. The final form generalized chart shows 
different curves for H/b values. (See Figure 4.) 
The generalized chart is useful to calculate press forces and torsional holding 
ability for interrupted fits without having to do PEA analysis. The method is to calculate 
interface pressure from the Lame equation, (4), then use formulas (5) and (6) (See 
Chapter 1,) to calculate Flame and T Lame• The generalized chart provides the ratios F IF lame 
and Tq/ TLame• The engineer multiplies F1ame and TLame by these ratios to find F and Tq. 
As long as the shaft is solid; the DBID ratio is close to 1.02, and fit lengths are equal at 
each end, the calculation is accurate. 
Numerical Press.Force Integration 
Equations ( 5) and ( 6) are for continuous functions and must be adapted to the 
discrete nature ofthe PEA solution. This is very simple: Radial contact-node forces 
multiplied by the coefficient of friction contribute to the press force. In the axisymmetric 
PEA model, the radial forces actually represent force per unit angle, or lb./radian. 
Therefore, the net normal-force acting on the circumferential area is just 2n(P). Press 
force is simply the sum of each of these times the coefficient of friction. In this research, 
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the coefficient of friction was the same for all contact nodes. Therefore, the numerical 
formula for press fit force is: 
for n contact nodes 
Similarly, the torque numerical integration is derived: 
T =2nµ~P.R. q L....J1 I for n contact nodes 
(14) 
(15) 
Where Riis the radius vector and each value is the radius at the contact node. For taper 
fits, these values would vary. The research used these equations to find press force and 
torque after performing the matrix solution to obtain the radial force vector, P. 
Analytical Results 
The research analyzed three models. Each had a different wall ratio, K. The 
models had the following wall ratios: 1.6, 1.8, and 2.0. These are similar to common 
coupling hub wall ratios. Table 4 shows model geometry parameters for variable wall 
ratio. Tables 5-7 show Cases 1, 2, and 3 results as a function of bridge length. Tables 8 
and 9 show generalized ratios for press force and torque: 
Table 4 Model Parameters 
Case K b, in. c, in. DB/D L, in. <h, in. DB/D E, psi V µ 
1 1.6 1.25 2 1.02 10 .002 1.02 30(10°) 0.3 0.12 
2 1.8 1.25 2.25 1.02 10 .002 1.02 30(10°) 0.3 0.12 
3 2.0 1.25 2.5 1.02 10 .002 1.02 30(10u) 0.3 0.12 
Table 5 Analytical Results Case 1 
B, in. Bib FLame, lb F, lb T Lame, in.-lb T, in.-lb 
0 0 137837 136540 172297 170670 
1 0.8 124054 132220 155067 165270 
2 1.6 110271 120190 137837 150230 
3 2.4 96486 105930 120608 132410 
4 3.2 82702 91994 103378 114990 
5 4 68919 78345 86148 97931 
6 4.8 55135 64718 68918 80897 
7 5.6 41351 51015 51689 63769 
8 6.4 27567 37091 34459 46364 
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Table 6 Analytical Results Case 2 
B, in. B/b FLame, lb F, lb T Lame, in.-lb T, in.-lb 
0 0 156380 155390 195480 194240 
1 0.8 140740 150360 175930 187950 
2 1.6 125110 137290 156380 171610 
3 2.4 109470 120890 136830 151110 
4 3.2 93828 105330 117288 131660 
5 4 78190 89285 97740 111610 
6 4.8 62552 73609 78192 92011 
7 5.6 46914 58090 58644 72613 
8 6.4 31276 42132 39096 52665 
Table 7 Analytical Results Case 3 
B, in. Bib FLame, lb F, lb T Lame, in.-lb T, in.-lb 
0 0 169600 168230 212100 210290 
1 0.8 152640 162620 190890 203270 
2 1.6 135680 148600 169680 185750 
3 2.4 118720 131660 148470 164570 
4 3.2 101760 114290 127260 142860 
5 4 84800 97169 106050 121460 
6 4.8 67840 80169 84840 100210 
7 5.6 50880 63054 63630 78817 
8 6.4 33920 45735 42420 57169 
Table 8 Generalized Press Force Results (FIFLame) 
Bib Case 1 Case2 Case 3 
K=l.6 K=l.8 K=2.0 
0 0.9906 0.9937 0.9919 
0.8 1.0658 1.0684 1.0654 
1.6 1.0900 1.0974 1.0952 
2.4 1.0979 1.1043 1.1090 
3.2 1.1124 1.1226 1.1231 
4 1.1368 1.1419 1.1459 
4.8 1.1738 1.1768 1.1817 
5.6 1.2337 1.2382 1.2393 
6.4 1.3455 1.3471 1.3483 
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Table 9 Generalized Torque (T/TLame) 
Bib Case 1 Case2 Case3 
K=l.6 K=l.8 K=2.0 
0 0.9906 0.9937 0.9915 
0.8 1.0658 1.0683 1.0649 
1.6 1.0899 1.0974 1.0947 
2.4 1.0979 1.1044 1.1084 
3.2 1.1123 1.1225 1.1226 
4 1.1368 1.1419 1.1453 
4.8 1.1738 1.1767 1.1812 
5.6 1.2337 1.2382 1.2387 
6.4 1.3455 1.3471 1.3477 
Discussion of Results 
There are two inferences from these results: (1) The generalized press force ratios 
and torque ratios are virtually the same. (2) The generalized ratios are the same for all 
wall ratios. The ratio Dn/D was constant for all cases, and the expectation is this ratio 
would change generalized forces, FIFLame• Figure 3 shows the generalized results, for 
variable wall ratios, in graphic format. 
A fourth-order polynomial fits this data: 
F/FLame= 0. 994 + O.l 15(Blb) - 0.042(Blb)2 + 6.245(10-3)(Blb)3 - l.857(10-4)(Blb)4 (16) 
The effect of H/b parameter must also be evaluated. After confirming that the 
relationship did not change with wall ratio, investigation began on the effect of the hub 
length to shaft radius, H/b. Research continued using FEA models with certain Hlb ratios. 
These ratios were 2.0, 4.0, 5.28, 6.857, and 8. Table 10 shows results of FEA analysis, 
and Figure 4 shows polynomial curve fits to calculated points. The FIFLameratio tends to 
decrease as H/b increases, but increases by Bib. 
Polynomial Curve Fits of Generalized Ratios for Dn/D = 1.02 
H/b = 2.0 
F/FLame = 1 + 0.50883(B/b)- 0.10368(Blb)2 + 0.160853(Blb)3 (17) 
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H/b = 4.0 
F/F1ame = 1+ 0:30106 (B/b)- 0.12929(B/b)2 + 0.030B(B/b)3 
H/b = 5.28 
FIF1ame = 1 + 0.2158(B/b) - 0.10509(Blb)2 +0.01995(B/b)3 
H/b = 6.857 
(18) 
(19) 
FIF1ame = 1 + 0.l225 (Bib) - 0.0485(B/b)2 + 0.009341(B/b)3 - 0.00040983(Blb)4 (20) 
H/b=8 
F/F1ame = 994 + O.l 15(B/b)- 0.042(Blb)2 + .006245(Blb)3 - 0.0001857(B/b)4 (21) 
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Table 10 Generalized Ratios, (FIFLame), Varying H/b, and Bib 
B/b H/b =2.0 H/b = 4.0 H/b = 5.28 H/b = 6.857 H/b=8 
0.5 1.248 
0.8 1.068 
1.0 1.566 1.191 
1.218 1.143 
1.25 1.788 
1.6 1.258 1.097 
1.71 1.111 
2.0 1.363 
2.28 1.127 
2.4 1.104 
2.8 1.452 
3.2 1.641 1.268 1.122 
3.43 1.1698 
4 1.142 
4.4 1.614 
4.57 1.26 
4.8 1.177 
5.6 1.238 
6.4 1.347 
Figure 4 shows relationships between the generalized force ratio, F/FLame, and 
dimensionless parameters Bib, and H/b. For a constant Bib value, FIFLame decreases as 
H/b increases. For a constant Hlb value, FIFLame increases as Bib. 
This graph provides a way to estimate actual press fit and torsional capability for 
interrupted fits in practical applications. It applies to solid shafts, DB/D = 1.02, and equal 
length fit areas. To estimate a press force, first calculate FLame using equations (4) and (5), 
(Chapter 4). Then find the hub length ratio, H/b, and bridge length ratio, Bib. Enter the 
graph at the horizontal axis with the Bib value and go up to the appropriate H/b curve and 
and go left to find the F/FLame ratio on the vertical axis. Multiply the result of equation 
(5) by the FIFLame ratio. This is the estimated press fit force. Using the same graph, and 
equation (6), (Chapter 4,) calculate torsional capability similarly. (FIFLame= Tq/TLame) If 
necessary, use linear interpolation between H/b curves. 
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The pressure profile along the fit area was determined from the influence 
coefficient method. In addition, the FEA radial stress results were compared to values 
obtained by influence coefficient method. The most important item learned from this is 
that the radial stress increases sharply at the ends. A refinement of the FEA mesh 
indicates that the contact pressure is uniform over the fit area, but at the very end node, it 
increases sharply, The high stress acts in a very small percentage of the overall fit area. In 
going to the mesh refinement, the edge-node radial stress increased from -79132 to 
-151470 psi. Figure 5 shows the profiles for both mesh cases. (Only one edge had mesh 
refinement performed.) 
The mesh refinement resulted in 0.5% change in the press force and the torsional 
holding ability. Therefore, additional accuracy gained in going to a highly refined mesh is 
unnecessary. (The high stresses might exceed yield, reducing the stress level of that 
calculated by linear elastic analysis.) 
7 
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As a comparison, the theory of elasticity has a solution for uniform pressure on a 
straight boundary [3]. For a given pressure acting over a finite range, boundary stresses 
normal to the edge are equal to pressure, but compressive. Outside of the pressure loading 
range they are zer9. 
A method Jm_own as Richardson's Interpolation [5] provides a means of 
estimating error and convergence values. The error is proportional to the mesh size raised 
to the (p+ 1-m) power; where p is the interpolation polynomial order, and m is the 
derivative order of the solution quantity. In this research, the FEA used linear 
- ' 
interpolation and stress is the first derivative~ Using Romberg integration, the 
convergence estimate is given by: 
(22) 
Where u is the convergence estimate of the stress, and UN is the value with the 
original mesh, and U4N is the value for a mesh that is divided in four parts. Applying_this 
formula to the two successive values of -79132 psi and -1514 70 psi, the estimated 
convergence value at the edge is -175582 psi. The edge value does not go to infinity. 
Figure 5 shows the mesh refinement comparison. Figure 6 shows the refined 
mesh configuration. 
25 
0 - - - -
-20000 
2 4 6 8 • 10 1'2 
·~ 
/ • 
-40000 
ii 
II, -60000 .. 
J rn 
1:l -80000 :i 
C 
0 
CJ 
l! ,, -100000 
-120000 
-140000 
-160000 
Shaft Position. In. 
1--Refined Mesh --Original Mesh I 
Figure 5 Mesh Refinement Comparison 
SVIEW ..t.18 File:hubRel 
26 
LC °JI 1 Vu= 5 Lo= 90 La= 0 R= 0 
(a) 
(b) 
ENLARGED 
AREA ABOVE 
HUB 
SHAFT 
Figure 6 Refined Mesh Showing Increased Edge Pressure 
27 
CHAPTER 4 EXPERIMENTAL WORK 
A thesis objective was to do limited experimental verification of the generalized 
ratios developed in Chapter 3 "Analytical Results". The test rig was tapered hub and shaft 
with the dimensions shown in Figure 7. (Started test with uninterrupted fit.) 
Table 11 lists the dimensions. 
Table 11 Interference Test Rig Dimensions 
Description Symbol Dimension Tolerance 
Taper T 0.5 in./ft. 
Hub Minor inside +0.000, -0.001 
diameter D 1.625 in. 
Hub Major inside 
diameter D 1.875 in. +0.000, -0.001 
Length L 6.00 in +/- 0.010 in. 
Hub Outside 
Diameter 2*c 3.00 in +/- 0.010 in. 
ID Finish 16 µ-in. rrns 
Total Indicator 
Runout 0.0005 in. 
Material 4130 hot rolled 
and annealed 
Schult Engineering, Inc made the hub and shaft test pieces. They met these 
dimensions and tolerances. 
A 75-ton hydraulic press provided the press force. (Owatonna Tool Co. YD 
Series, 75-ton, 11" stroke.) A zero to 15000-psi gage provided force measurement. The 
piston area is 15.0 in2• The gage was calibrated December 27, 2000. It was 750 psi low 
throughout the entire range, and was corrected. Gage accuracy is in range of+/- 2%. 
The first test represents the case with no relieved area so that the bridging length 
is zero. (Bib= 0.) A toggle switch controlled the press. It turned the pump on while 
depressed, off when released. Obtaining exact displacement control was difficult. 
Therefore, the procedure was to "bump" the switch and observe the dial indicator. Dial 
indicator readings and pressure data were taken in this manner. Usually, the dial indicator 
would move about 0.005 in. on each "bump." The maximum travel allowed was 0.060 in. 
This was to assure the hub was in the elastic range. 
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A real difficulty was to establish the exact condition of shaft seating firmly, with 
essentially zero load. It became apparent that using the slope of the load-displacement 
curve was more useful than any absolute load values. One additional measurement 
helped. Prior to testing, the shaft was placed firmly inside the hub, by hand. It might be 
tapped just a little, but otherwise not forced in. Then using a depth micrometer, the 
distance of the shaft edge from the hub, on the small end, was determined. After the 
pressing was finished, a· similar reading was taken. This confirmed the total advance of 
shaft in hub. (Load applied to shaft, hub supported.) 
The interference rate, or at least the change in interference rate was certain, since 
the taper was accurately known. The load was plotted against the interference rate. The 
theoretical Lame interface pressure is directly proportional to interference rate. 
The relationship between absolute press force and absolute interference rate is the 
same as press force change and interference rate change. The difference is that 
interference rate change is known with much greater certainty than the absolute 
interference rate. This is due to difficulties in establishing the origin. Combining 
equations ( 4) and (5), the expression for press fit force is: 
F =_!_nDL o cos(a)µ+sin(a) 
FLame [(c2 +b2 J_l +(b2 +a2 J_l +~-~] cos(a) 
c2 -b2 E b2 -a2 E E E h s h s 
(23) 
The relationship between the absolute values F/o and dF/do are the same: 
F = dF =-F-nL D cos(a)µ+sin(a) 
8 do FLame [(c2 +b 2 J_l +(b2 +a2 J_l +~-~] cos(a) 
c2 - b2 E b2 - a 2 E E E h s h s 
(24) 
We know do, or 88 with greater certainty than o because of the difficulty of 
knowing when the shaft is seated without interference. The taper governs do and taper is 
constant. The plots of press force vs. interference rate were linear, so the slopes could be 
used with accuracy and convenience. These were tabulated and plotted in Microsoft 
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EXCEL®, which has linear regression functions. Finding slope was very easy. The 
correlation coefficients were also very high, which provides more certainty. 
First Test: Full Fit 
With shaft fit snugly in the hub, the depth micrometer reading was -0.006 in. At 
the end of the test, the depth micrometer reading was 0.050 in. The total advance was 
0.056 in. The highest pressure applied was 3000 psi. This is a press force of 45000 lb. 
Due to dial- indicator bracket geometry; the dial was at an angle of 20°-25°. Thus, the 
actual advance readings were corrected by multiplying by the cos(21 °). The 21 ° angle was 
estimated from the ratio of total indicator advance to depth micrometer readings. Table 
12 shows the data from the first test. 
The dial indicator was at an angle of20-25 degrees. Net advance was 0.056-in. at 
3000 psi. The advance values will be adjusted to reflect dial indicator angle. 
The first test went very well. Estimated coefficient of friction was 0.0942. This 
press force slope is used as the basis for normalizing remaining data. Figure 8 shows the 
data plot. 
Table 12 Full Fit Test Data 
Interference Test Rig Data Sheet Piston area, 15.0 
in.2 
Date: 1/2/01 ID avg. in. 1.75 
Fit Length 6" Taper, 0.5 OD, in. 3.0 
in./ft 
Indicator Corrected Interferenc Interference Actual Press Fit 
Advance, Advance, e rate m. Pressure, psi Force, lb 
m. m. 
0 0.000 0 0.0000 0 0 
0.017 0.016 0.0004 0.0007 650 9750 
0.02 0.019 0.0005 0.0008 800 12000 
0.028 0.026 0.0006 0.0011 1250 18750 
0.035 0.033 0.0008 0.0014 1600 24000 
0.042 0.039 0.0009 0.0016 2000 30000 
0.05 0.047 0.0011 0.0020 2500 37500 
0.06 0.056 0.001333 0.0023 3000 45000 
Slope 3.756(10)' 
Correlation .999 
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Second Test (B/b =1.6) 
The hub was relieved by 0.017-0.018 in. in the inside diameter for 1.40 in. This 
was centered in the hub length. When the shaft was inserted, it did not fit to the same 
position as before. On the small end, some slight metal galling was noted. This was 
removed by using honing stones. However, even with continued inspection and stoning, 
the shaft would not return to the original position. When manually assembled, the depth 
micrometer reading was 0.045 in. low. We decided to proceed, and see how much 
pressure could be. generated in pushing the shaft to the original starting point. Not 
surprisingly, the shaft advanced .055 in. with virtually no pressure buildup. We decided 
to begin the test at that point. The depth micrometer reading was 0.010 in high at the 
start. Advancing incrementally to 0.059 in, the maximum pressure buildup was 3580 psi. 
The final depth-micrometer reading was 0.067 in. 
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The slope was 3.7884(107) lb/in.fin. This is the result used in the evaluation. 
F IF Lame is determined by multiplying test 1 slope by test 2 contact length, and dividing by 
test 2 slope and test 1 contact length. This is the equivalent of F IF L~e- It assumes test 1 
slope multiplied by ratio of fit lengths is the equivalent Lame force. Test 2 slope is the 
equivalent actual force. 
When don.e in this fashion, test 2 F IF Lame was 1.316. This is higher than the value 
predicted by the theoretical curve of 1.095. Part of the difference is the coefficient of 
friction. If the coefficient of friction changed between tests, this would affect the FIFLame 
result. The other difference is in the real effect of interrupted fits. The hope is that the 
coefficient of friction will remain constant as possible and the real effect can be 
evaluated. As will be seen in test 3, the coefficient of friction does change with different 
tests. 
Test 3 (B/b=l.6) 
In this test, no modifications were made to the hub. Any slightly galled areas were 
stoned, but otherwise, the fit length and bridge length remained the same. This assures 
that the interrupted fit effect is the same for both tests 2 and 3. 
Similar to test 2, the shaft would not seat in the original position. The depth 
micrometer reading was 0.065 in. low. However, as before, the shaft was pressed to a 
location nearly in the original position with little or no pressure rise. The depth 
micrometer reading was 0.001-in. high. The test was carried out and at the end, the depth 
micrometer reading was 0.061 in. Dial indicator advance was 0.058 in. The resulting 
slope was 3.516(107) lb/in.fin. This is lower than the previous value. The only conclusion 
that can be reached is that the coefficient of friction changed slightly. The reason is that 
with each test, slight galling occurs on the small end and has to be dressed. This affects 
the coefficient of friction. This time, FIFLame was 1.221. 
Test 4 (B/b=3.2) 
In this test, the hub was relieved to a length of 2.8 in. The relief depth was 
maintained at 0.017 to 0.018 in. Similarly, the small end was dressed to remove any 
slight galling. The depth micrometer reading was 0.041 in. low with manual assembly. 
After pressing with no pressure buildup, the depth micrometer reading was .005 in. low. 
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The test began and a maximum pressure of 2450 psi was achieved. The dial indicator 
advance was 0.060 in. and the final depth-micrometer reading was 0.058 in. 
This plot had two distinct slopes. The shaft galled heavily on the smaller end at 
the inner edge of the relief. Initially, the slope was low, but in the last portion of the 
curve, it rose sharply. Therefore, we decided to evaluate at the lower slope, prior to the 
galling effect, but report the results of the higher value. Test 5 is for the higher slope. 
For the lower slope, the value was 2.2012(107)lb/in./in. For this, FIFLame was 1.099. This 
is close to the theoretical value of 1.117. 
Tests 6 and 7 were done on a hub with B/b of 5.14. These two tests experienced 
some of the same problems in establishing the start point as the others, but the slope was 
used for the evaluation. Figures 9 to 13 show test data. 
Table 13 shows the estimated coefficients of friction, slopes, and F/FLame values of 
each test. Figure 14 shows plot of test data against theoretical curve. 
Discussion of Experimental Results 
Experimental results tend to support analytical results. The error between 
theoretical and experimental values ofFIFLame ranged from 4% to 16%. However, this is 
not highly accurate. The coefficient of friction varies, even from test to test, and is the 
greatest source of error. Engineers should be aware of this variation when using formulas 
and graphs from this thesis to estimate press force and torque capability. 
,e 
,; 
E 
0 
IL = IL 
" " I!! 
II. 
60000 
50000 
40000 
30000 
20000 
10000 
0 
0.00000 
34 
Press Force Case 1.6 8/b 
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Press Force Case 5.14 8/b 
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Press Force Case 5.14 B/b (7) 
20000 
18000 
16000 / _,----4 
14000 / 
:!l 12000 ,. 
I:! 
0 10000 IL 
1// 
1// e a. 8000 
/ 
/ 
/ 
/ 
6000 
4000 
/ 
/ 
/ 
/ 
2000 
0 / 
0.00000 0.00020 0.00040 0.00060 0.00080 0.00100 0.00120 0.00140 0.00160 
Interference Rate, In.fin. 
Figure 13 Test 7 Data, Bib= 5.14 
il 
0 
IL .., 
2.000 
1.800 
1.600 
1.400 
°E ., 
C ., 
Cl 
1.200 
1.000 
0.800 
0 
39 
Table 13 Results of Experimental Test 
Test Description Coefficient Slope Measured Theoretical 
of Friction lb/in.fin. F/F1ame *F/F1ame 
(Est.) 
Test 1 Full Fit .0942 3.7559E+07 1.000 1.000 
Test2 1.6 Bib 0.116 3.7884E+07 1.316 1.107 
Test 3 1.6 Bib 0.106 3.5164E+07 1.221 1.107 
Test4 3.2 Bib 0.0886 2.2012E+07 1.099 1.158 
(Lower Slope) 
Test 5 3.2 Bib 0.1455 3.3522E+07 1.673 1.158 
(Higher Slope) 
Test 6 5.14 Bib 0.1035 l.35E+7 1.438 1.331 
Test 7 5.14 Bib 0.099 l.301E+07 1.386 1.331 
• Theoretical values based on hub length ratio ofH/b = 6.857 
Generalized Press Force Comparison 
(Galled) 
v 
--------
2 3 4 5 6 
Bridge Length Ratio, Bib 
I-Theoretical Experimental I 
Figure 14 Generalized Plot of Test Data 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 
The initial conclusion is the influence coefficient method is valid for solving the 
contact problem for cylindrical interference fits. For those engineers with access to basic, 
but not advanced PEA software, this is an additional analysis tool. Basic linear elastic 
two-dimensional analysis is all that is required for the PEA software. Gap elements, or 
other capability is not necessary. 
This research has several conclusions on the influence coefficient method. It is 
linear, and remains so as long as interference is small relative to shaft diameter. It 
satisfies both Newton's 3rd law and the requirement for geometric compatibility. 
Results by the influence coefficient method were within 0.5% of the results using 
the Lame equations (Equations (4), (5), and (6),) for uninterrupted fits. 
For the interrupted shaft fit problem, dimensional analysis yielded the following 
dimensionless groups: FIF1ame, Tq/TLame, wall ratio, c/b, bridge length ratio, Bib, hub 
length ratio, H/b, and bridge diameter ratio, DB/D, As long as the fit length is equal on 
each end, and shaft is solid, these parameters completely characterize the problem. The 
research completed makes it possible to determine press force and torque capability for a 
class of fits with solid shaft, equal fit length at each end, and a DB/D ratio of 1.02. The 
generalized chart, Figure 4 may be used (with interpolation if necessary,) thus avoiding 
need for FEA on this class of problems. 
The analysis of hubs with varying geometry showed several interesting 
conclusions. For a given geometry, the quantities FIF1ame and Tq/TLame are equal. In 
addition, these quantities do not vary with wall ratio, c/b. Indeed this is shown quite 
convincingly in Figure 3. The effect wall ratio has on press force and torque apparently is 
completely characterized within the values ofFLame and TLame• 
Material properties E and v are completely characterized within the values of 
FLame and TLame• Thus, the generalized chart, Figure 4, is applicable to other materials. 
This is assured by the dimensional analysis. 
The hub length ratio, H/b, the bridge length ratio, Bib, and the bridge diameter 
ratio, DB/D, have significant impact on the generalized forces FIFLame and TqlTLame• 
Although this research did not evaluate variations in DB/D, the intuitive fact that 
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increasing DB/D would decrease F IF Lame and T q!T Lame is self-evident. With increasing 
D81D, the bridge stiffness decreases and contact-pressures likewise. Thus, press force is 
decreased. 
Less self-evident is the effect of H/b and Bib on the generalized forces. Increasing 
Hlb tends to decrease FIFLame and increasing Bib tends to increase FIFLame. Short hubs 
have high generalized forces. 
The pressure profile is reasonably uniform except at the ends. Particularly in the 
inside edges, the contact pressure rises sharply at the edge. However, this would only be 
for a few thousandths of an inch along the fit length. The maximum value reaches a finite 
value, but may typically be high enough to cause slight localized yielding. 
Experimental results tend to support the analytical results. The error between 
theoretical and experimental values ofFIFLame ranged from 4% to 16%. This is mainly 
attributed to variations in coefficient of friction for each press test. Indeed different 
values ofFIFLame were obtained in different tests with the same geometry. Coefficient of 
friction is the only possible variable left to explain that. The coefficients of friction in the 
test ranged from 0.0886 to 0.116. These are reasonably close to an often-cited literature 
value of 0.12, for steel shafts and hubs [6]. 
The experiments do verify one conclusion that was drawn in the analytical work: 
Increase in Bib tends to increase FIFLame• Further, it supports the general conclusion that 
interrupted fits have higher press forces per unit length than for un-interrupted fits. 
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APPENDIX A 
DERIVATION OF INTERFACE PRESSURE FORMULA 
An outer ring or hub is mounted on an inner ring, or shaft, with total diametral 
interference, i. This is a derivation to find interface pressure. The length is assumed 
infinitely long. 
f~)\ 
-. ---------
'' 
Total strain BT is the difference of strains for hub and shaft. (Shaft may be hollow.) This 
condition of compatibility must be satisfied. 
The total strain is also related to the total diametral interference, nominal interference 
diameter, 2b. 
The stress-strain relationship is given by: 
O"e -var 
Se= 
E 
The stress relations for internal and external pressure come from Lame [3]. 
Hub: 
c2 + b2 
cre =po 2 b2 
C -
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Shaft (Can be hollow) 
a2 -b2 
crr = Po b2 2 -a 
These formulas are substituted in the stress-strain relationship and combined to give an 
expression for total strain: 
This is easily solved for the interface pressure, p0 • Note: o = cT (Interference rate is equal 
to the total strain aJ interface.) With simplification, the interface pressure is: 
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df = µdN = µ PonDdx 
cos(a) 
The friction force axial component is cos( a) multiplied by friction force. 
µp nDdx 
dfx = df cos(a) = 0 cos(a) 
cos(a) 
To satisfy equilibrium, the sum of forces in the axial direction equal zero. The 
normal and friction force axial components oppose differential press force, thus: 
p nDdx 1 . ) dF = dNx + dfx = 0 ,sm(a) + µcos(a) 
cos(a) 
Integrating over the contact length, L, this becomes: 
L 
F = JP nD sin(a) + µcos(a) dx 
0 cos(a) 
0 
Where p0 and D .are functions ofx, the axial position along the taper. 
A Ar . 2 ea,m. 
D Hub inside diameter, in. 
F Axial press force, lb 
f Friction force, lb 
L Length of contact area, in. 
N Normal force, lb 
Po Interface .pressure, psi 
X axial position, in. and direction subscript 
µ Friction Goefficient 
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APPENDIXC 
TORSIONAL EQUATION DERIVATION 
Torque consists of tangential force multiplied by radius. Tangential force is 
normal force time~ coefficient of friction. The torsional holding ability equation is built 
from differentials, dx, along the fit length. The normal force differential is interface 
pressure, p0 , multiplied by differential area, xD(x)/cos(a), and dx. This may be expressed 
by: 
dN = p dA = Po1tDdx 
0 cos(a.) 
D (x) is used where there may be a taper such that diameter varies. 
The tangential-force differential is normal-force differential times friction coefficient,µ. 
dFe = p01tD(x)µdx 
cos(a.) 
The torque differ~ntial is obtained by multiplying the radius, or D(x)/2 times the 
tangential force differential: 
Finally, the torsional holding ability is integration over contact length. 
L 2 
T = JP01tD(x) µdx 
q 2cos(a.) 
0 
A Ar . 2 ea,m. 
D Hub inside diameter, in. 
Fe Tangential force, lb 
L Length ofcontact area, in. 
N Normal force, lb 
Po Interface pressure, psi 
Tq Torsional holding ability, in.-lb 
x Axial position, in. and direction subscript 
µ Friction coefficient 
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APPENDIXD 
INFLUENCE COEFFICIENT METHOD MATLAB CODE 
N=34; 
Cfs=[-1.5140E-07 -3.1860E-07 -1.3750E-08 -1.8640E-08 
-3.1860E-08 -6.6960E-08 -1.8240E-08 -9.0480E-09 
-1.3750E-08 -1.8240E-08 -5.6450E-08 -1.5150E-08 
] ; 
D=[2.2335E-07 9.5000E-08 6.5923E-09 4.0289E-08 
9.5000E-08 l.1960E-07 6.1618E-08 4.2131E-08 
6.5923E-09 6.1618E-08 9.0660E-08 4.4671E-08 
] ; 
E=zeros(N,N); 
E([18 19 20 21 ... 34],:)=D/N/2:-1:1,N:-1:1); 
Cfh=D+E 
% Interference Vector 
I=0.00125*ones(N,1); 
%Axial Length Vector 
S=0.25*ones(N,1); 
S(l)=0.125; 
S(17)=0.125; 
S(lS)=0.125; 
S(N)=0.125; 
% Radius Vector 
R=l.25*ones(N,l); 
%Force Vector Calculation 
F=(Cfh-Cfs)\I; 
%Interface Pressure Calculation 
P=F. /) S. *R) 
%Press Fit Force Calculation 
mu=0.12 
Fpf=6.283*mu*sum(F) 
%Torque Calculation 
Tor=6.283*mu*sum(F.*R) 
• • • I 
48 
REFERENCES 
[1] Angle, T.L., 1983, "Analyzing Taper Fits," Machine Design Magazine, pp. 75-78 
[2] Ugural, A.C., and Fenster, S.K., 1995, "Advanced Strength and Applied 
Elasticity," 3rd Ed, Prentice- Hall, Upper Saddle River, NJ 
[3] Timoshenko, S.P., and Goodier, J.N., 1951, "Theory of Elasticity", 3rd Ed, 
McGraw-Hill, New York 
[4] Munson, B.R., Young, D.F., and Okiishi, T.H., 1994, "Fundamentals of Fluid 
Mechanics," 2nd Ed, Wiley & Sons, New York 
[5] Bickford, W., 1990, "A First Course in the Finite Element Method," Richard D. 
Irwin, Inc, 
[6] Calistrat, M.M., 1994, "Flexible Couplings, Their Design, Selection and Use," 
Caroline Publishing, Houston 
49 
BIOGRAPHICAL SKETCH 
David 1. Galster received the BSME from Louisiana State University in 1979. He 
had prior US Navy experience as a Machinist's Mate. Currently, he is a registered 
professional engineer in Louisiana. He has 20 years industry experience starting with 
Exxon Chemical in Baton Rouge. Since 1985, he has worked in a Clinton, Iowa 
petrochemical plant. He has held various positions in engineering and management 
related to reliability engineering, inspection, warehousing, and turnaround planning. He 
specializes in failure analysis, stress analysis, finite element analysis, fracture mechanics, 
and high-pressure engineering. In addition, he offers services in Weibull statistical 
analysis, equipment repair recommendations involving machining, welding, material 
specifications, and alignment tolerances. 
